abstract BACKGROUND AND OBJECTIVES: Children with Down syndrome (DS) are at significant risk for respiratory syncytial virus (RSV) infection and related hospitalization. We compared hospitalization rates due to respiratory tract infection in children with DS aged ,2 years who prospectively received palivizumab during the RSV season with a previously published, similar untreated DS birth cohort.
METHODS:
A total of 532 children with DS who prospectively received palivizumab were assembled from the prospective Canadian RSV Evaluation Study of Palivizumab registry between 2005 and 2012. The untreated group included 233 children with DS derived from a nationwide Dutch birth cohort from 2003 to 2005. Events during the RSV seasons were counted. Poisson regression analysis was performed to compare incidence rate ratios (95% confidence intervals [CIs] ) between groups while controlling for observation length and known risk factors for severe RSV infection.
RESULTS:
In total, 31 (23 untreated, 8 treated) RSV-related hospitalizations were documented. The adjusted risk of RSV-related hospitalizations was higher in untreated subjects than in palivizumab recipients (incidence rate ratio 3.63; 95% CI, 1.52-8.67). The adjusted risk of hospitalization for all respiratory tract infection (147 events; 73 untreated, 74 treated) was similar (incidence rate ratio untreated versus palivizumab 1.11; 95% CI, 0.80-1.55).
CONCLUSIONS:
These results suggest that palivizumab is associated with a 3.6-fold reduction in the incidence rate ratio for RSV-related hospitalization in children with DS during the first 2 years of life. A randomized trial is needed to determine the efficacy of RSV immunoprophylaxis in this specific high-risk patient population. Down syndrome (DS) is an independent risk factor for respiratory illness and severe respiratory syncytial virus (RSV)-related infection and hospitalization in children. [1] [2] [3] [4] [5] [6] [7] [8] The combined attributes of a compromised innate and adaptive immune system in early infancy [9] [10] [11] [12] [13] with anatomic [14] [15] [16] and physiologic aberrations such as gastroesophageal reflux disease, 17 obstructive sleep apnea, 18 and hemodynamically significant heart disease 4, 19 all lead to significant morbidity and mortality in DS during the first 2 years of life. [20] [21] [22] Palivizumab, a humanized monoclonal antibody, has been proven safe and efficacious against RSV in randomized, placebo-controlled studies involving preterm infants #35 weeks' gestational age during their first RSV season and children aged ,2 years with severe chronic lung disease (CLD) and hemodynamically significant cardiac disease. 23, 24 The Canadian Paediatric Society recommends prophylaxis for children with DS only if they are likely to be exposed to RSV during their first season and are on home oxygen or have experienced prolonged hospitalization for pulmonary disease or are severely immunocompromised. 25 There are no randomized clinical trials of RSV prophylaxis in children with DS, and to date no trial has been registered on the US National Institutes of Health Web site. 26 In the absence of trial data, we undertook this prospective analytic cohort study to estimate the effectiveness of RSV prophylaxis in this population. The objective of this study was to compare lower respiratory tract infection hospitalization and RSV-related hospitalization rates in a cohort of children with DS aged ,2 years who prospectively received palivizumab during the RSV season with a group of similar untreated controls.
METHODS

Design
The study compared respiratory tract infection hospitalization and RSV-related hospitalization rates between a prospectively followed cohort of children with DS treated with palivizumab and a control group of prospectively followed untreated subjects with DS.
Populations and Inclusion Criteria
Treatment Group
Palivizumab-treated children with DS (n = 532) were selected from the Canadian RSV Evaluation Study of Palivizumab (CARESS [27] [28] [29] Children enrolled in the registry have received $1 dose of palivizumab and are followed for the respective annual RSV season. For this analysis, subjects were selected based on the documented presence of DS. In total, 68 of 532 treated subjects were followed for 2 RSV seasons. In Canada, healthy children with DS are uniformly approved for RSV prophylaxis in the provinces of Alberta and Ontario in the first 2 years of life, whereas the rest of the provinces provide palivizumab only to children with DS who have significant underlying medical disorders.
Untreated Group
The untreated group (n = 233) was assembled from the published, prospective national birth cohort registry in the Netherlands of children with DS aged ,2 years, including those with respiratory infection hospitalizations and RSV-related hospitalization from 2003 to 2005. 3 
Data Collection and Quality Control
Parental or legal guardian informed consent for both groups was obtained before patient enrollment, and approval of the studies was granted by the respective institutional research ethics boards.
Treatment Group
Demographic, medical, and family history data are collected at the time of patient enrollment; hospitalization and palivizumab administration data are obtained monthly. In the event of a hospitalization, relevant hospital records are reviewed by the site' s research nurse for detailed information on patient diagnosis, reason for hospitalization, and length of stay.
Untreated Group
The Dutch national birth cohort encompasses 90% to 95% of the total number of children born with DS. Infants were not screened, approached, or excluded. Data on gestational age, presence of CLD, congenital heart disease (CHD), and hospitalization were collected through a telephone questionnaire by one of the investigators and confirmed by patient medical records.
Definitions
CLD was established in both cohorts through medical discharge summaries and conformed to qualifying criteria stipulated by the bronchopulmonary dysplasia proceedings. 30 Hemodynamically significant CHD was similarly defined in both groups as uncorrected or palliated cyanotic or acyanotic CHD with pulmonary hypertension (systolic pulmonary arterial pressure $40 mm Hg) or a need for medication to manage congestive heart failure and confirmed by a pediatric cardiologist. 31 Compliance with treatment was measured by 2 components: the ratio of palivizumab doses received over projected dose number from enrollment to the end of the RSV season, and the interdose interval of injections received.
Compliance was defined as patients receiving $5 injections, or all expected injections if ,5 months of the season remained after enrollment. Compliant intervals were 16 to 35 days between the first and second injection and 30 6 5 days for subsequent injections.
Comparability of Groups
The RSV season duration is very similar in the Netherlands and Canada. In the observed period in the Netherlands, the average duration of the season was 24 weeks. 32 The median season onset was the 45th week of the year (first week of November) and offset the 12th week of the next year (last week of March). Similarly, in the observation period in Canada, the average duration of the RSV season was also 24 weeks, with median season onset in November and offset at the end of March.
Concomitant risk factors for RSV hospitalization were identified in treated and untreated subjects and compared. These were hemodynamically insignificant CHD, hemodynamically significant CHD, CLD, prematurity (#35 completed weeks' gestational age), and other relevant multisystem anomalies such as duodenal atresia, Hirschsprung disease, or musculoskeletal malformations.
Outcomes
Hospital admissions for lower respiratory tract infection with a subsequent positive or negative detection of RSV were the primary outcomes measured in this study. To account for possible undetected RSV infections within respiratory infection hospitalizations among children who were not tested for RSV, those subjects were excluded from the RSV hospitalization analysis. Only hospitalizations occurring within the broad time frame of the RSV season, defined as September 1 to May 31 each year, were counted, because RSV events in the treated group beyond the RSV season were not evaluated.
Diagnostic and Laboratory Criteria for RSV Confirmation
Untreated Group
RSV hospitalization was defined as symptomatic admission for deep or wet chest cough, wheezing, hoarseness, stridor, or shortness of breath. RSV positivity was confirmed by enzyme or immunofluorescent assay or a positive viral culture for RSV from nasopharyngeal secretions. All untreated children hospitalized during the RSV season with a symptomatic lower respiratory tract infection as previously described were tested for the presence of RSV infection. Negative RSV results during hospitalization for lower respiratory tract infection were classified as respiratory infection hospitalizations. RSV infection without hospitalization was not assessed.
Treatment Group
RSV hospitalization was similarly defined symptomatically as in the untreated group. Diagnostically, in addition to the aforementioned assays, cases were also identified by reverse transcription polymerase chain reaction. RSV infection without hospitalization was not assessed.
Statistical Analysis
Demographics and risk factors were compared between groups by using t test or x 2 where appropriate. For the primary analysis, groups (treated versus untreated) were compared on the basis of frequency of admission to hospital for respiratory infections and confirmed RSV hospitalization using Poisson log linear regression analysis with adjustment for possible confounding variables. The model was used to generate an incidence rate ratio (IRR) for hospitalization. Models were adjusted for hemodynamically significant CHD, insignificant CHD, gestational age, birth weight, and RSV prophylaxis with palivizumab.
Secondary Analyses
To evaluate the hospitalization course, secondary analyses compared the respective ages of children at hospital admission and the lengths and frequency of hospitalization groups by t test or x 2 where appropriate.
Subgroup Analyses
Because insignificant CHD may or may not contribute to RSV hospitalization, it was analyzed both independently and combined with patients without risk factors across the treated and untreated groups. To specifically compare outcomes in children with DS who meet current standard indications for RSV prophylaxis in international pediatric guidelines 25,33-37 (namely hemodynamically significant CHD, prematurity, or CLD), a group of children with only these risk factors was identified, and outcomes were compared between treated and untreated children. Patients with multisystem anomalies were excluded from this analysis. Finally, a subgroup analysis was performed to measure the treatment effect of palivizumab on children with DS specifically within the first RSV season of life. Primary outcomes, that is, RSV hospitalizations between September and May, within 365 days from the child' s date of birth, in treated and untreated groups, were compared by using Poisson log linear regression as described earlier.
RESULTS
There were 324 patient-years of observation in the untreated group and 184 patient-years of observation in the treated, palivizumab group during the designated RSV seasons. The treated group palivizumab doses, where the expected number was determined by the number of months remaining in the RSV season after enrollment. Treated and untreated groups differed with respect to prematurity, birth weight, gestational age, race, and the proportions of children with underlying risk factors for RSV hospitalization (Table 1 ).
In total, 31 subjects were hospitalized for RSV (23 untreated and 8 treated).
Comparing groups on RSV hospitalization showed that untreated subjects had a 3.63-fold higher IRR than treated subjects (95% CI, 1.52-8.66) after adjustment for covariates. The Poisson regression model had a reasonable goodness of fit (P = .257) and was statistically significant (likelihood ratio P = .002).
In the subgroup analysis for RSV-related hospitalization, significant IRR differences were also found between the groups of children who additionally qualified for prophylaxis by standard indications (untreated, n = 94; treated, n = 228) 25 ,33-37 irrespective of having DS (Table 2) . No significant IRR differences were found between treated and untreated children with no risk factors (untreated, n = 67; treated, n = 196), but combination with the insignificant CHD group (untreated, n = 117; treated, n = 279) yielded a trend of lower risk for the treated group (Table 2) .
A total of 147 respiratory infection hospitalizations were reported (untreated group, n = 73; treated, n = 74). Analysis and subgroup analyses of respiratory infection hospitalizations found the IRR to be similar between treated and untreated groups ( With regard to the hospitalization course, there were no differences between the groups with respect to the frequency or duration of hospitalization for respiratory infection-related events (Table 3). A higher proportion of children hospitalized with respiratory infection received respiratory support in the treated group. With respect to RSV hospitalization, no differences were found between treated and untreated groups in age at first RSV hospitalization or hospital duration. Four untreated children versus none of the treated group needed intensive care or respiratory support, a significantly higher proportion of untreated RSV hospitalized children needed oxygen, and their mean number of days of oxygen treatment was higher (Table 3) .
Post Hoc Analysis
In total, 83% and 50% of RSV hospitalizations occurred within the first year of the child' s life in untreated and treated groups, respectively. Untreated subjects had an RSV hospitalization IRR of 5.25 (95% CI, 1.46-18.87) compared with treated subjects over the first year; no other covariates were significant.
DISCUSSION
In the first 2 years of life, children with DS are more prone to respiratory tract infections 7, 19, 20 and develop significant complications after RSV-associated bronchiolitis and pneumonia compared with those without DS. [1] [2] [3] [4] [5] [6] Across 4 reported studies, [1] [2] [3] 5 which have cumulatively evaluated 1646 children with DS aged ,2 years, the risk estimate for RSV hospitalizations ranged from 9.9% to a Adjusted for hemodynamically significant CHD, insignificant CHD, gestational age, and birth weight. Ratios .1 indicate higher risk in the untreated group. b Risk factors that involve standard indications for RSV prophylaxis, namely any combination of hemodynamically significant CHD, CLD, or prematurity #35 wk gestational age. 19 .5%. However, time frames for evaluation differed in the studies, making comparison across studies difficult, and the impact of treatment was not evaluated.
In this study, conducted between 2003 to 2012, which evaluated 2 DS cohorts prospectively during the first two years of life, palivizumab was associated with a 3.6-fold reduction in the incidence rate of RSV hospitalization. This corresponds to an overall 72% reduction (1-[1/3.6] ). The documented reduction in RSV hospitalizations in this study aligns with the projected probability of an 80% reduction in RSV hospitalizations in children with DS, as estimated in our recent publication. 38 While, the treated group were hospitalized for a RSV-positive infection at a similar mean age of 10.5 months versus 8.5 months (untreated), a smaller proportion of treated children required oxygen and for shorter periods of time during hospitalization. There was a non-significant tendency toward shorter hospitalizations, need for intensive care, and respiratory support, which may indicate a decrease in the severity of RSV-related illness after prophylaxis. This is the first study to suggest that palivizumab may provide a substantial benefit in the reduction of RSV-related hospitalizations in children with DS, which affects potential disease complications, incurred morbidities, and hospital costs. Although the findings have been derived from a less rigorous study design, a randomized, doubleblind, placebo-controlled clinical trial would require a substantial sample size, dependent on the RSV hospitalization rate in the control group. Assuming a $50% difference in RSV hospitalization rates between the palivizumab and placebo groups, a 9.9% RSV hospitalization rate in the control group, a type I error of 0.05, power = 80%, and 1:1 allocation with full recruitment and no dropouts, a sample size of 896 subjects (448 in each arm) would be needed. This is prohibitively large for the DS population, given that birth rates differ widely between countries.
Several limitations of this study merit consideration. First, the groups were assembled in 2 different countries over different time frames with varying baseline characteristics and environmental risk factors that could influence the severity of RSV infection and hospitalization in the respective DS populations. [39] [40] [41] [42] However, studies on children with DS from the Netherlands, 3 Denmark, 2 Israel, 5 and the United States 1, 6 have reported similar RSV hospitalization rates, as previously reported in this untreated cohort. 3 Moreover, the greater prevalence of risk factors in the treated group suggests possible underestimation of the treatment effect of RSV prophylaxis. Second, the cohorts were not standardized at study inception. Because the untreated children were enrolled at birth, whereas the prophylaxis subjects were recruited after the first palivizumab dose, this may explain the younger age at first hospitalization in the untreated group compared with the prophylaxis group. Third, the indications for hospitalization may vary between institutions, although the need for oxygen and respiratory support confirms a similar severity of RSV-related lower respiratory tract infections in the subjects in both arms of the study. Fourth, the treatment effect may be underestimated because not all children with DS who received prophylaxis were enrolled in the CARESS registry, and not all were tested for RSV. Lastly, the power of the study to show differences in each of the risk factors and some of the events (intensive care admission, respiratory support) was limited. It should also be noted that this is an observational study, and treatment efficacy cannot be ascertained.
The strengths of our study are that both groups were assembled prospectively and compared based on established and well-defined risk factors for RSV hospitalization such as prematurity, CLD, and hemodynamically significant cardiac disorders. Additional assets of the study include the lengths of observations, which were normalized in both groups to more accurately predict the hazard for RSV hospitalization, and pertinent prognostic factors for RSV hospitalization were adjusted for in the analysis.
CONCLUSIONS
In this observational prospective study in children with DS, aged ,2 years, RSV immunoprophylaxis with palivizumab was associated with a 3.6-fold (72%) decrease in RSV-related hospitalizations. The findings of this study merit additional confirmation through future clinical trials because the groups of treated and untreated infants may not be entirely comparable. Our results warrant a multicenter, randomized trial to establish the efficacy and cost-effectiveness of RSV prophylaxis in children with DS.
